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Abstract 
The paper presents the evaluation of the drillability characteristics of the Ti6Al4V titanium alloy produced through the Additive Manufacturing 
(AM) technology called Direct Metal Laser Sintering (DMLS). Holes of 1.6 mm diameter were drilled on a 5-axis high-precision micro-milling 
machine under dry cutting conditions at varying cutting speed and feed rate. A specific measurement procedure was developed to quantify and 
compare the most representative geometrical features (diameter and perpendicularity) of the machined holes as well as the quantification of 
burrs. The influence of the AM material on the geometrical quality of high precision holes is discussed, taking into account the requirements of 
the following threading operations. Finally, thread milling experiments were carried out to prove the threading feasibility and performances 
based on the previous drilling experiments. From the results within the tested range of cutting conditions, the lowest values of the cutting speed 
and feed rate seem to be the best trade-off for achieving the required hole quality. 
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1. Additive manufacturing of Titanium alloys 
In the recent years the studies about Additive 
Manufacturing (AM) of metallic materials are increasing [1], 
as AM is being used for a wide range of applications and in 
different sectors, being the biomedical one of the main. AM 
can in fact overcome many of the problems usually 
encountered during the service life of metallic implants. AM 
parts can be porous and therefore capable of ameliorating the 
contact with the tissues, reducing the stress shielding, and 
improving the osseo-integration [1–4]. Complex shapes can 
be also produced making possible the substitution of large 
parts of missing specifically shaped bones, as in the case of 
cranioplasty. From the manufacturing point of view, the main 
advantage of AM is the capability of simplifying the 
conventional process chain of producing implants, which in 
general consists of forming processes at elevated temperature, 
rough and finishing machining, heat treatments, and final 
polishing. On the contrary, AM can produce near-net-shape 
parts where just semi-finishing or finishing machining 
operations are applied to mating surfaces, thus significantly 
reducing the material waste and manufacturing costs [5] (as 
an example, in case of a knee implant machined from the 
wrought bar, the material waste due to the machining can 
reach up to 80% [4]). 
The most used material for biomedical applications is the 
Ti6Al4V titanium alloy thanks to its outstanding properties of 
biocompatibility, osseointegration, corrosion resistance, 
specific strength [1,4]. However, its machinability is quiet low 
[6], especially when produced by AM where the obtained 
microstructure is very peculiar compared to the wrought 
material [7], making the choice of appropriate cutting 
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conditions a crucial point in the manufacturing process 
design. 
The case study on which this paper is based is a Ti6Al4V 
dental pin produced by the Direct Metal Laser Sintering 
(DMLS) AM technique, which has to be further machined to 
assure the subsequent assembly with the abutment, crown or 
as a support for the bridge. First, the drillability of Ti6Al4V 
samples produced by means of DMLS is evaluated under dry 
cutting conditions in terms of geometrical accuracy of the 
drilled holes and the burr formation in order to choose the 
most suitable cutting parameters to reach the required hole 
quality. Later on, these drilling parameters are applied to the 
dental pin and then the threading operation is carried out, 
proving the capability to obtain accurate geometrical features 
of the machined thread. 
2. Micro-drilling and threading 
2.1. Case study – dental pins 
The CAD model of the final dental pin ready for 
subsequent assembly and an image of the preformed dental 
pin produced by DMLS are shown in Fig. 1. The rough 
surface of the external thread is suitable to be implanted as it 
is, but both the pin top surface and internal features have to be 
machined, the latter employing first a drilling operation and 
then a threading one. The function of the dental pin is to 
ensure the connection between the jaw, where the pin is 
screwed in, and the upper part of the implant (abutment and 
crown); thus, it is mandatory to machine a high precision hole 
and thread. Since the geometrical quality of the thread 
depends on the accuracy of the previous drilling operation, 
drillability tests have to be first performed to choose the best 
possible combination of cutting speed and feed rate, in order 
to prepare geometrically adequate holes for the subsequent 
threading (M2x0.4 into the hole with a depth of 5.8 mm) and 
final assembly. 
2.2. The Ti6Al4V alloy and AM process  
The Ti6Al4V Titanium alloy studied in this work was 
produced by DMLS, which permits to create fully dense 
material with a very fine martensitic microstructure consisting 
of only α (hcp) grains as a consequence of the large 
undercooling undergone by the material during the DMLS 
process [7]. 
 
Fig. 1 (a) CAD model of the dental pin (for better visibility the external 
threading was removed from the visualisation), (b) image of the dental pin 
after the DMLS process. 
 
Fig. 2 SEM detail of the drill bit: (a) diameter and (b) helix angle. 
2.3. Micro-drilling experiments  
The drilling and threading experiments were carried out on 
the 5-axis high precision micro-milling machine Micromaster 
KuglerTM, equipped with two spindles, mechanical (10 000 – 
60 000 RPM) and air bearing (20 000 – 180 000 RPM) and 
with built-in eddy current sensor, which is able to online 
measure and compensate the spindle axes expansion.  
The drilling experiments were carried out on samples of 
DMLS Ti6Al4V using tungsten carbide uncoated drill bits of 
1.6 mm diameter. Fig. 2 shows the geometry of the tool. Each 
tool was inspected by means of FEI™ Quanta 400 Scanning 
Electron Microscope (SEM) before machining, to avoid any 
possible manufacturing defect. For each experiment a new 
tool was used, to minimize the influence of wear on the 
results of interest. 
A full factorial design of the experiment was chosen, 
including two factors (the cutting speed and feed per tooth), 
with two and three levels, respectively (Table 1). Each 
experiment was repeated three times.  
Dry cutting conditions were used and a jet of compressed 
air was applied to facilitate the chips removal from the cutting 
zone. The hole depth was set constant for all the experiments 
and equal to 5.8 mm. The peck drilling strategy was chosen 
with constant One-Step-Feed-Length (OSFL) in order of tenth 
of the tool diameter as suggested by Kim [8] to improve the 
tool life and stability of micro-drilling.  
2.4. Threading experiments 
For the threading operation on the DMLS dental pins a 
solid micro single point thread mill was used with a diameter 
of 1.5 mm and 4 flutes. The cutting speed was set to 49 m/min 
and feed per tooth 2 μm. The two passes strategy was chosen 
to ensure better geometrical and surface quality under dry 
lubrication condition. 
Table 1. Experimental plan for the drilling experiments. 
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Fig. 3 Sketch of workpiece used for the drillability tests and measuring points 
D1 / D2 for the hole diameter and cylindricity . 
  
Fig. 4 Diameter of the drilled holes as a function of the feed per tooth. 
2.5. Testing methods and standards 
With regards to the subsequent threading step and final 
functionality of the dental pin, the diameter and 
perpendicularity of the drilled holes are chosen as the most 
important geometrical parameters to be evaluated, because 
any deviation would affect the feasibility and final precision 
of the threading operation. For this reason, a preliminary 
drillability study was carried out on samples made of DMLS 
Ti6Al4V whose geometry is shown in Fig. 3a. 
The geometry of the drilled holes was measured using a 
Zeiss Prismo 7 VAST coordinate measuring machine 
featuring a maximum permissible error (MPE) for length 
measurements,  of 2.2+L/300 µm (L in mm). A single stylus 
with a 0.6 mm rubidium tip was used. The measurements 
were carried out in a temperature-controlled room at a 
nominal temperature of 20°C. Moreover, the workpiece 
temperature stability was ensured by laying it the measuring 
room for 24 hours before measuring. To understand the 
trajectory of the tool during machining and the geometrical 
quality of the final drilled part the following characteristics 
were selected: diameter of two different circles (1 mm and 2.5 
mm from the top plane, see Fig. 3b), and perpendicularity 
between the hole axis and the top plane of the workpiece.  
The least squares method was used for the extraction of the 
fitting circles. The alignment was made using the lateral plane 
(specifically machined for this reason), top plane and external 
cylinder, as described in Fig. 3a. Mean values and standard 
deviation were calculated on 5 repetitions.  
Due to the small dimensions and internal features, the 
threaded holes studied in this work were not measurable with 
conventional measuring systems (e.g. CMMs). Therefore, an 
innovative measuring procedure was developed for this task, 
by exploiting the internal measurement capabilities of micro 
X-ray computed tomography (CT) [9]. Three selected 
specimens were scanned using a metrological CT system, 
Nikon MCT225, with micro-focus X-ray source (focal spot 
resolution down to 3 µm), and temperature-controlled cabinet. 
The maximum permissible error (MPE) for length 
measurements, evaluated by tests in accordance to the 
guideline VDI/VDE 2630-13, is MPE = 9 + L/50 μm (where 
L is the length in mm).   
3. Accuracy of drilling and threading operations 
3.1. Drilling performances  
In Fig. 4 the measured values of the hole diameters for 
different cutting speed as a function of the feed per tooth are 
shown. The maximal standard deviation for all the  
measurements is in order of hundreds of nanometers. 
Regardless the cutting speed, D2 appears to be slightly higher 
than D1. This could be caused by some shape error of the tool 
(conical shape instead of perfect cylinder) or tool tip runout, 
in any case further investigations are necessary to confirm or 
reject any of the theories.  
Fig. 5 shows the measured values of the holes 
perpendicularity for the different cutting conditions. Except 
for the feed per tooth equal to 10 μm, the cutting speed of 60 
m/min assures slightly better results than the highest cutting 
speed. Drilling and burrs 
A qualitative analysis of the burrs was made acquiring the 
entrance burrs through SEM. In drilling operations the 
generated exit burrs are higher than the entrance ones and 
represent a bigger problem for the subsequent assembly 
operations [9,10]. The burr size is function of the workpiece 
material and cutting condition. 
In the case proposed in the paper blind holes are drilled, 
therefore only the evaluation of  the entrance burrs is required. 
Fig. 6 shows burrs obtained using different cutting conditions. 
From the figure it is evident that there are no significant 
differences in the burrs shape and size for all the tested cutting 
conditions.  
                                         
Fig. 5 Perpendicularity of the drilled holes as a function of the feed per tooth. The 
maximal standard deviation for all measurements is in order of hundreds of nanometres. 
            Fig. 6 Top burrs after drilling operation. 
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The confocal optical profiler Sensofar™ PLμ Neox was 
used to acquire the scans of burr height that were later 
measured at 10 independent cross sections and the mean value 
calculated. The height of the burrs is between 2.5 and 3.4 μm 
for all the cutting conditions, without any evident trend in the 
burr height as a function of the cutting conditions. This might 
be explained by the fact that during the peck drilling most of 
the burrs were removed. 
3.2. Threading performances   
The threading operation is the last machining step. The 
thread is a functional feature as it ensures the connection 
between the dental pin and the implant. If the thread is not 
correct the functionality of the pin can be deteriorated. 
To ensure the best possible conditions for the final 
threading operation, the best cutting conditions for the drilling 
(cutting speed and feed) were chosen on the basis of the 
previously described drillability tests. In the case presented in 
the paper, a cutting speed of 60 m/min and a feed per tooth 
equal to 10 μm were chosen, which were considered to be the 
best trade-off between precision of the drilled diameter and 
perpendicularity of the hole. Regarding the burrs, as no 
significant difference can be appreciated for the different 
cutting conditions, they were not considered for the choice of 
the best drilling parameters.  
Further work is needed to determine the CT measurement 
uncertainty for the specific measurement task. A previous 
study [12] has demonstrated that dimensional measurements 
using metrological CT systems can reach sub-voxel accuracy. 
The resolution related to the voxel size of the reconstructed 
volume (Fig. 7 (a)) is equal to (12 µm)3. 
Table 2. Average results obtained by CT measurements of three specimens 
machined using the same process parameters (vc = 60 m/min, fz = 10 μm). 
Measurand Average 
Minor diameter [mm] 1,617 
Int. cylinder form error [mm] 0,033 
Major diameter [mm] 1,953 
Ext. cylinder form error [mm] 0,018 
Depth [mm] 5,839 
Pitch [mm] 0,400 
Angle [deg] 59,84 
From the CT reconstructed volume, the quality assessment 
of internal thread machining was achieved by performing 
dimensional measurements of depth, minor and major 
diameters, pitch and angle as shown in Fig. 7 (b). For each 
specimen, the internal and external cylinders were created by 
least-squares fitting and a total of 16 pitches and 16 angles 
were measured considering two different sections (0° and 90°) 
of the CT volume. The alignment was done with respect to the 
internal cylinder axis. The obtained average measurement 
results are reported in Table 2. 
 
Fig. 7 (a) 3D volume obtained by X-ray computed tomography (b) Schematic 
representation of the dimensional measurements performed in the CT . 
4. Concluding remarks 
Drillability experiments were carried out on samples of 
DMLS Ti6Al4V, in order to qualify the best cutting 
conditions for drilling high precision holes, which were 
identified in a cutting speed of 60 m/min and feed per tooth of 
10 μm. These parameters were used to drill high precision 
holes before threading, being the latter needed to manufacture 
the functional feature that ensure the fixture between upper 
part of a dental pin implant and the human jaw. It is proved 
that by choosing a proper set of drilling parameters, the 
subsequent threading can assure high accuracy geometrical 
quality. 
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